We study low temperature (90
Selective growth of semiconductor materials through pre-patterned masking layers can provide important advantages for the definition and performance of the final structures. Such an approach can control the placement of arrays of microstructures or nano-structures. [1] [2] [3] [4] [5] Selective growth of optical waveguides or resonators could result in structures with crystallographically smooth sidewalls, and without the challenges of degradation brought about by an etch process. [6] [7] [8] [9] In many cases, patterned, epitaxial growth of high quality semiconductor materials occurs only at high temperatures (typically > 500
• C), making the masking and control of the growth process difficult. 10, 11 This work explores the selective growth of single crystal zinc oxide (ZnO), formed through a low temperature, aqueous process where the growth is directed by nanometer-scale and micron-scale pre-patterned "molds" formed of electron-beam resist. The effects of the mask material on the constrained growth, size and shape of the pre-patterned opening, as well as the orientation of the mask with respect to the underlying crystalline structure are investigated. The structures we fabricate demonstrate the ability to easily control the final 3D shape of the grown ZnO simply by controlling the growth duration and strategically choosing the size, shape, and orientation of the masking material.
ZnO is a transparent, wide bandgap (∼3.3 eV) semiconductor, with a predominant hexagonal wurtzite crystalline structure at ambient conditions. 12 A variety of techniques have been employed to form ZnO. 13 Our approach incorporates a solution-based growth in zinc nitrate hexahydrate, ammonium hydroxide, sodium citrate, and deionized water similar to previous reports.
14-17 The process is described in detail in Ref. 14. A seed layer was first formed on lattice matched (111) MgAl 2 O 4 spinel substrates under microwave treatment. Samples were then placed in a 90
• C oven overnight to form the base layer. The base layer was lithographically patterned with e-beam resist, resulting in polymer-based "molds" of different shapes and orientations. Further growth of ZnO was carried out at 90
• C in a conventional oven. Initial experiments utilized four different diameter circular molds (2 μm, 1 μm, 500 nm, and 200 nm) formed of ∼500 nm thick patterned polymethylmethacrylate (PMMA). ZnO was grown for 4 h, with an 8 M zinc nitrate growth solution. The final structure which was grown through the 200 nm pattern is shown in Figure 1 molds and assumes the shape of the post region. The final height of the hexagonal structures grown through all four patterned diameter sizes was found to be the same (3.6 ± 0.1 μm), unaltered by the size of the hole opening. Therefore, the growth rate in the (0001) direction dominates the ZnO growth. Once the growth reaches the top of the mold and is laterally unconstrained, the "natural" hexagonal symmetry of the ZnO structures emerges and the sidewalls of the overgrown region become smooth with crystallographically-defined m-plane facets. Figure 1(b) shows that a linear dependence between the hole opening and the final structure diameter is observed. Regardless of the diameter of the post, the lateral overgrowth of the structure is 0.55 ± 0.04 μm. This indicates a lateral growth rate independent of the mold size and shape, which is determined by the rate of growth perpendicular to each (slow-growing) m-plane facet. Therefore, we conclude that the ZnO growth is determined by the c-plane growth in the vertical direction and by the m-plane growth in the lateral direction.
The exact growth rate of the various ZnO crystalline planes is non-trivial to calculate due to the fact that the rate is nonlinear. The patterned samples require some time to come to thermal equilibrium with the 90
• C oven temperature. Growth will occur when the increased temperature results in the decreased solubility of ZnO in solution. 18 Preliminary experiments established that the ZnO growth begins 2 h after the sample is placed in the oven. If we assume a subsequent constant growth rate, the vertical (0001) c-axis growth rate of the ZnO is calculated to be ∼30 nm/min. In addition using the same assumptions and taking into account the time required to grow to the top of the patterned mold, the growth rate of the (1010) m-planes is found to be ∼6 nm/min. These two rates may be separately controlled by changing the concentration of the zinc nitrate and/or the sodium citrate in the growth solution. For the same growth time, changing the concentration of zinc nitrate in the growth solution to 12 M resulted in an increased height of the structures to 6.8 ± 0.30 μm and an additional lateral epitaxial overgrowth to 2.32 ± 0.05 μm for all four hole openings. This corresponds to growth rates in the vertical and lateral directions of ∼57 nm/min and ∼21 nm/min, respectively. The linear relationship between the patterned hole diameter and final structure diameter for the higher concentration solution is shown in Figure 1(b) .
We then altered the shapes of the molds and investigated the geometry of the resulting ZnO structures. Several different shapes (circle, hexagon, triangle, and square) each with a lateral dimension d of 3 μm as shown in Figure 2 were patterned in the approximately 500 nm thick PMMA to create molds for the ZnO growth. The upper and lower SEM images in Figure 2 show the resulting structures after 4 h of growth, imaged perpendicular to the plane of the substrate and at a 6.5
• angle from the substrate, respectively. The bottom part of the ZnO structure, which is visible in the lower SEM images in Figure 2 and which we will refer to as the post, again exactly fills the mold that was patterned. Similar to the results obtained for the circular molds, once the thickness of the ZnO exceeds the height of the mask layer the growth is no longer constrained in the lateral direction, and the natural hexagonal symmetry of the ZnO structures emerges, as is evident in Figure 2 .
The clear hexagonal symmetry of the ZnO structure suggests that there is a defined crystallographic orientation in the material that guides the growth of the structures, perhaps present in APL Mater. the base layer. Such an orientation was confirmed by electron backscatter diffraction (EBSD) measurements, seen in the combined image quality (IQ) and inverse pole figure (IPF) in Figure 3(a) . The colors in the figure indicate the collective quality 19 of the electron backscatter diffraction pattern together with the crystal orientations of the material. The m-planes in ZnO are indicated by yellow lines. Given the crystallographic orientation of the base layer, we sought to understand the effect of the orientation of the mold geometry relative to the base layer. These data are shown in Figure 3 seen as intermediary shapes, before the overall structures become hexagonal. When the edges of the patterned opening align with the (1010) m-planes of the ZnO, very smooth and vertical sidewalls are observed. The ability to easily form extremely smooth sidewalls is particularly important for optical devices, to minimize scattering loss. These experiments suggest that smooth sidewalls can be obtained, even for non-hexagonal structures and molds, through the judicious orientation of the mold pattern to the base layer.
EBSD measurements performed on the top surface of the grown ZnO structures confirm a common orientation of all the ZnO material relative to the base layer's crystallographic orientation. Figures 3(b) and 3(c) show the combined image qualities and inverse pole figures, as well as measured ZnO m-plane orientations for a mold aligned with the base layer's crystallographic planes and for a mold misaligned by 30
• from the crystal structure of the base layer, respectively. Although the initial shape in the xy-plane is heavily influenced by the mold orientation, the m-plane orientation of the ZnO in both figures is the same. This indicates that while the crystalline orientation of the material is always the same, the final shape of the ZnO in the xy-plane can be changed by rotating the mold through which it is grown.
The data shown in Figures 2 and 3 show the dominance of the growth rate perpendicular to the m-planes in producing the hexagonal symmetry in the xy-plane. We wanted to better understand the transition from the lateral shape defined by the mold to the eventual hexagonal shape dictated by the underlying orientation of the base layer. Thus, we combined different size patterned openings and various rotations of the triangular patterns as shown in Figure 4 . All of the growth conditions for the structures are kept the same, with a triangular core dimension of d = 3 μm, 1.5 μm, and 0.75 μm, respectively, and growth time of 4 h. Using a simple geometric calculation the length of each edge of the final structure at a given growth time can be calculated. The three edges of the hexagonal structure parallel to those of the patterned triangle have a length of σ = 2 √ 3b(t)/3 + a, where a = 2d √ 3/3 is the side length of the patterned triangle and b(t) is the amount of growth perpendicular to the (1010) m-plane direction as a function of time, as shown in the left most panel of Figure 4 (a). The amount of lateral growth, b(t), is found to be independent of the size of the patterned triangle. The remaining three sides of the final ZnO structure, which form from the vertices of the patterned triangle, have a length of β = 2 √ 3b(t)/3. As expected, these are the same length for the three different size triangles patterned (2.99 ± 0.03 μm). As the size of the patterned triangular openings is reduced, the value of a becomes small compared to 2 √ 3b(t)/3 and thus the shape in the xy-plane approaches a regular hexagon at earlier times in the growth. Therefore, by choosing a mold for the post region and strategically orienting the mold with respect to the crystalline orientation of the base layer, a variety of three-dimensional ZnO shapes can be grown with high quality sidewalls determined by the crystal facets. In addition, if the diameter of the post is significantly less than the amount of lateral overgrowth then the resulting structures are hexagonal with smooth sidewalls, and have no dependence on the initial mold orientation.
In some of the images in Figure 4 additional ZnO growth on the sides of the structures has occurred and is believed to have resulted from nucleation at specific sites on the lower part of the sidewalls of some of the structures. 20 While the origin of the extra nucleation is currently unknown, the density of the extra nucleation varies between samples which suggests some sort of contamination either in the growth solution or on the surface of the mold utilized. Further investigation is required to control the formation of such extra nucleation, and to further understand how the structure is modified as growth proceeds from constrained (by the mold) to unconstrained.
In conclusion, this work shows the ability to exert control over single crystalline zinc oxide structures aqueously grown through patterned molds of various shapes and sizes. The ZnO precisely fills the molded region during growth regardless of the shape of the mold patterned. As expected, the faster growth rate of the c-plane of the ZnO with respect to the m-plane growth rate has been observed. The m-plane growth determines the lateral shape of the final ZnO structures, and the orientation of the mold with respect to the crystalline planes in the base layer is found to play an important role in the crystal facets observed in the final ZnO structures. By aligning the mold to the crystalline planes in the base layer, smooth, high quality sidewalls are observed. When misaligned, a variety of three-dimensional structures can be fabricated. In addition, when the diameter of the post is much smaller than the lateral overgrowth the final ZnO structures are hexagonal regardless of the orientation of the mold. The ability to easily fabricate ZnO structures with such smooth sides using this patterned aqueous growth technique, and without the use of possibly damaging etching techniques, opens the door to new and improved devices such as microdisks, photonic crystals, and lasers. Good quality material and smooth sidewalls are necessary for many devices as loss and scattering mechanisms need to be kept to a minimum for efficiently operating devices. This work was facilitated by the Center for Nanoscale Systems (CNS) at Harvard University and the National Science Foundation Graduate Research Fellowship Program. The authors thank Tsung-li Liu for useful discussions and fabrication advice.
